BACKGROUND/OBJECTIVES: Brown adipose tissue (BAT) is a potential therapeutic target against obesity and diabetes through thermogenesis and substrate disposal with cold exposure. The role of BAT in energy metabolism under thermoneutral conditions, however, remains controversial. We assessed the contribution of BAT to energy expenditure (EE), particularly diet-induced thermogenesis (DIT), and substrate utilization in human adults. METHODS: In this cross-sectional study, BAT activity was evaluated in 21 men using 18 F-fluoro-2-deoxy-D -glucose positron emission tomography combined with computed tomography ( 18 F-FDG-PET/CT) after cold exposure (19°C). The subjects were divided into BAT-positive (n = 13) and BAT-negative (n = 8) groups according to the 18 F-FDG-PET/CT findings. Twenty-four hour EE, DIT and respiratory quotient were measured using a whole-room indirect calorimeter at 27°C. RESULTS: Body composition, blood metabolites and 24-h EE did not differ between groups. DIT (%), calculated as DIT divided by total energy intake, however, was significantly higher in the BAT-positive group (BAT-positive: 9.7 ± 2.5%, BAT-negative: 6.5 ± 4.0%, P = 0.03). The 24-h respiratory quotient was significantly lower (P = 0.03) in the BAT-positive group (0.861 ± 0.027) than in the BATnegative group (0.889 ± 0.024). CONCLUSION: DIT and fat utilization were higher in BAT-positive subjects compared to BAT-negative subjects, suggesting that BAT has a physiologic role in energy metabolism.
INTRODUCTION
Brown adipose tissue (BAT) is an important regulatory tissue for core body temperature and whole-body energy expenditure (EE) in small rodents and human infants. 1 Recent human studies using 18 F-fluoro-2-deoxy-D -glucose-positron emission tomography in combination with computed tomography ( 18 F-FDG-PET/CT) revealed that adult humans also have active BAT. [2] [3] [4] [5] Based on several cross-sectional studies, human BAT decreases with age and is inversely correlated with body mass index or visceral fat area.
2,3,6-8 The age-dependent decrease in BAT might be associated with an accumulation of body weight and fat. 6, 8 Active BAT has a protective role against obesity and diabetes through the regulation of cold-induced thermogenesis (CIT). 9, 10 Yoneshiro et al. 9 reported that CIT, evaluated based on the difference between resting EE at a thermoneutral temperature (27°C) and EE at a non-shivering cold temperature (19°C), increases by up to 12% in subjects with metabolically active BAT. Chondronikola et al. 10 also reported that prolonged cold exposure (5-8 h) with a liquid cooling vest (20°C) increases resting EE, whole-body glucose disposal and insulin sensitivity in those with active BAT. These findings suggest that BAT in adult humans has a role in whole-body EE and substrate metabolism, at least under cold conditions. Such non-shivering cold exposure, however, is uncommon under free-living conditions in more temperate climates. Further investigation is required to clarify the contribution of BAT to whole-body EE and substrate utilization under thermoneutral and free-living conditions.
BAT contains uncoupling protein 1 (UCP1), which mediates the uncoupling of mitochondrial substrate oxidation from ATP production, leading to the release of energy as heat from free fatty acid oxidation. 1 Activation of BAT is dependent on UCP1 expression and the sympathetic nervous system (SNS) through β3-adrenoreceptors. 11 The SNS is stimulated by cold, diet, stress and inflammation, which leads to increases in obligatory and/or facultative thermogenesis and may explain how BAT contributes to adaptive thermogenesis, including diet-induced thermogenesis (DIT) and CIT. 11, 12 The role of BAT in DIT in adult humans is not clear, but a polymorphism in UCP1 (-3826A/G) is associated with lower postprandial EE. 13 Moreover, UCP1 gene polymorphisms also accelerate age-related decreases in BAT activity. 14 Thus, BAT may have a specific role in postprandial thermogenesis to produce heat from fatty acid oxidation, but this has not yet been demonstrated directly. 15, 16 More recently, Peterson et al.
17
examined the thermic response to a 50% overfeeding diet following a 4-week cold intervention. Despite increases in CIT and SNS activity, DIT was unchanged in response to 50% overfeeding. On the other hand, Lee et al. 18 demonstrated that BAT recruitment is accompanied by enhanced DIT and postprandial insulin sensitivity. Thus, the role of BAT in energy metabolism in free-living humans remains controversial.
In the present study, to clarify the relationship among BAT activity, EE and substrate utilization in humans, we compared 24-h EE, DIT and whole-body substrate oxidation under free-living conditions between subjects with and without metabolically active BAT using a whole-room indirect calorimeter. We hypothesized that BAT-positive subjects would have higher DIT and substrate utilization than BAT-negative subjects.
SUBJECTS AND METHODS Subjects
Twenty-one healthy men were recruited through poster advertisements and word of mouth. Inclusion criteria were as follows: 20-50 years of age and a body mass index of 18.0-24.9 (kgm − 2 ). Participants were excluded if they had a history of, or required, medication for cardiovascular disease, hypertension, diabetes, hypercholesterolemia, hyperglycemia, hyperlipidemia, eating disorders, smoking, excessive alcohol intake (430 g alcohol/d), allergies to ingredients in the test food, or worked as a shift worker or experienced a weight change of more than 2.0 kg during the 2 months prior to the trial. The Institutional Review Boards of the National Institute of Health and Nutrition, Tenshi College, National Center for Global Health and Medicine, and Kao Corporation approved the study protocol. All subjects provided written informed consent before study commencement. 18 
F-FDG-PET/CT
During the winter (between late December and early March) from 2013 to 2015 in Japan, BAT activity in the subjects was measured using 18 F-FDG-PET/CT. Subjects were assessed in the morning after fasting for 6-12 h. The subjects wore light clothes (T-shirt and shorts) and remained in a room adjusted to 19°C for 2 h while intermittently placing a towel-wrapped ice block against the soles of their feet. After 1 h, 18 F-FDG (1.66-5.18 MBq per kg body weight) was administered intravenously and the subjects remained in the same cold conditions for another hour. 2, 6, 8 One hour after the administration of 18 F-FDG, a whole-body PET/CT scan was performed at 24°C using a dedicated PET/CT system (either Aquiduo (Toshiba Medical Systems, Otawara, Japan), Biograph 16 (Siemens Medical Solutions, Knoxville, TN, USA), or Discovery PET/CT 600 (GE Healthcare, Waukesha, WI, USA)). Low-dose CT without contrast enhancement was performed first and used for attenuation correction and anatomic image fusion. The PET data were reconstructed using a Gaussian filter with an ordered-subset expectation maximization algorithm. The iteration and subset parameters were determined based on the manufacturer's recommendations. A quality control study was performed to minimize the standardized uptake value (SUV) difference between the three PET/CT systems using a standard National Electrical Manufacturers Association body phantom. FDG uptake by BAT lesions was semi-quantitatively measured as the maximum SUV (SUV max ), defined as the tissue radioactivity concentration divided by the injection dose per body weight, using a workstation adapted for each PET/CT system (either VOX-BASE (J-MAC System, Sapporo, Japan), e-Soft (Siemens) or Xeleris (GE Healthcare)). The SUV max threshold level between the BAT-positive and BAT-negative groups was set at 2.00. 4, 6 Anthropometrics and body composition analysis Body weight was measured using an Ohaus digital scale accurate to 0.01 kg (CQ100LW, Ohaus Corp., Parsippany, NJ, USA) after the subjects exited the calorimeter. Body composition was then measured by wholebody dual-energy X-ray absorptiometry (QRD 4500 W, Hologic Inc., Waltham, MA, USA). Absolute fat mass (FM), fat-free mass (FFM) and body fat percentage were determined with Hologic Systems Software using the procedures outlined in the Hologic QRD 4500 User's Guide. The body fat percentage was calculated according to the following formula: BF% = FM/ (FM+FFM) × 100.
Measurements of energy metabolism
The experiment was a cross-sectional study for a series of measurements in winter (between late December and early March) from 2013 to 2015, within 3 weeks after BAT measurement by FDG-PET/CT, and 24-h energy metabolism was measured using the whole-room indirect calorimeter. Subjects arrived at Kao Corporation, a chemical, cosmetic and food company headquartered in Japan (Tokyo, Japan), by 1800 hours and ate the prescribed meal. At 1900 hours, the subjects entered the calorimeter and energy metabolism was measured for 24 h from 0000 hours. Subjects ate the same meal in exactly the same volume at 0900 hours (breakfast), 1400 hours (lunch) and 1900 hours (dinner), and were allowed to drink water freely. The meal ingredients were weighed and cooked by a registered dietitian in the metabolic kitchen. Energy intake (EI) was individually adjusted from the basal metabolic rate (BMR) predicted using the formula by Ganpule et al. 19 based on subject age, sex, height and body weight, and multiplied by 1.3 as the limited physical activity level. The three meals were identical and comprised a rice bowl with grilled seafood and pork, tofu, and miso-soup without any spice, containing 15 energy percent protein, 25 energy percent fat and 60 energy percent carbohydrate (CHO). The energy composition and amount of each of the three meals was exactly the same. Subjects went to bed at 0000 hours and got up at 0700 hours. The time from 0715 to 0900 hours was used for resting and a low-intensity activity program (e.g., personal computer work, jigsaw puzzles and folding laundry were performed for 20 min, respectively). For the remaining time, the subjects were allowed free activity so as to maintain a situation similar to free-living. Sleeping other than at the scheduled time was not allowed.
Whole-room indirect calorimeter
Twenty-four hour calorimetric measurements were performed using a whole-room indirect calorimeter (Fuji Medical Science Co. Ltd., Chiba, Japan). 20 Air in the chamber was pumped out at a rate of 100 L per min. Temperature and relative humidity of the incoming fresh air were maintained at 27.0 ± 0.2°C and 50.0 ± 3.0%, respectively. The air samples were dried using a gas-sampling unit (CPF-8000, Shimadzu Corp., Kyoto, Japan) and analyzed using a mass spectrometer (VG PRIMA δB, Thermo Fisher Scientific, Cheshire, UK), which was calibrated biweekly using standard gas. Oxygen consumption (VO 2 ) and carbon dioxide production (VCO 2 ) were calculated using the formula of Henning et al. 21 The VO 2 and VCO 2 data were offset by 2 min to adjust for the response lag time of the respiratory measurements. VO 2 and VCO 2 were calculated over 30 min to obtain the EE and respiratory quotient (RQ). Based on the 24-h VO 2 and VCO 2 , as well as nitrogen excretion, total EE (TEE) and RQ were calculated. 22, 23 Physical activity levels were monitored using an infrared motion sensor (AMP2009B01, Matsushita Automation Controls Co. Ltd., Tokyo, Japan), which measured the percentage of time during each minute that movement was detected. The sleeping metabolic rate (SMR) was calculated as the lowest mean EE over a continuous 3-h sleeping period. BMR was calculated using the formula: BMR = SMR/0.94. 19 Energy balance was calculated by subtracting TEE from EI. Activity-induced thermogenesis (AIT) was calculated for 0700-0859 hours and 0900-2359 hours, and DIT for 0900-2359 hours was calculated by plotting EE against radar output averaged over 30-min periods according to the method of Schutz et al. 24 The intercept of the regression line at the lowest radar output of the infrared motion sensor corresponds to EE during inactivity, that is, resting metabolic rate, which comprised BMR and DIT. The difference between the resting metabolic rate and BMR represents the DIT of meals when computed over 15 h. The DIT (%) was defined as postprandial thermogenesis divided by food intake, and calculated as DIT divided by the total EI. 25 
Dietary record and food quotient (FQ)
Subjects were instructed by a registered dietitian to record their food intake. To record habitual food intake, subjects recorded the contents of the meals consumed during the 3 days prior to the calorimeter stay. Fasting blood samples for insulin, serum glucose, thyroid-stimulating hormone, thyroid hormone (T3, T4), triglyceride, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, free fatty acid, leptin, adiponectin, interleukin-6 and glucagon-like protein-1, were collected from each subject and centrifuged at 1500 × g for 15 min at 4°C after the subjects exited the whole-room calorimeter at 0830 hours. All serum samples were stored at − 80°C until analysis. All measurements were performed by LSI Medience Corporation (Tokyo, Japan). During the measurement in the whole-room indirect calorimeter, all urine was collected in the following periods: Period 1: 0000-0700 hours, Period 2: 0701-1359 hours, Period 3: 1400-1859 hours, and Period 4:
1900-2359 hours. The urine was weighed, and urinary norepinephrine, epinephrine and dopamine were hydrolyzed. The concentration of each was calculated as the total of the free and conjugated forms using an automated catecholamine analyzer (HLC-725CAII, Tosoh, Tokyo, Japan), multiplied by the urine volume as the total elimination.
Statistical analysis
Data are presented as mean ± s.d. unless otherwise indicated. The mean body composition, EI and blood metabolite values were evaluated, and the difference between the two groups was compared by two-tailed Student's t-test. According to the power calculations, for the primary outcome measure of DIT, nine subjects in each study group were required for a power of 80% with a two-sided alpha of 0.05 to detect a BAT-positive and BAT-negative difference of 74 (kcal per 15 h) with a standard deviation of 51 based on our preliminary study. Considering drop-out and study group imbalance, a total of 22 subjects was required. Because 24-h energy balance during the whole-room calorimeter stay and FQ during the 3 days prior to the calorimeter measurements are reported to have a strong effect on RQ, 26 24-h RQ was adjusted for these factors. RQ was assessed using analysis of variance (ANOVA) adjusted for FQ and energy balance as covariates. The changes in EE per FFM (EE/FFM) and RQ were plotted as accumulated values per 30 min, and analyzed using repeated measures ANOVA. The correlation between RQ and BAT activity was analyzed using Pearson's correlation. Urinary catecholamines were recorded as the total elimination for each time period, and analyzed using repeated measures ANOVA. P-values of less than 0.05 were considered statistically significant. SAS software for Windows (Ver. 9.2, SAS Institute, Cary, NC, USA) was used for the statistical analyses.
RESULTS

Subject characteristics
Based on the 18 FDG uptake in the supraclavicular region and quantitation by calculating SUV max (threshold of 2.00), 13 subjects (62%) were classified as BAT-positive and 8 subjects as BAT-negative. Mean SUV max was 8.5 ± 4.8 in the BAT-positive group and 1.1 ± 0.4 in the BAT-negative group (P o 0.001). The data of the 13 BAT-negative subjects and 8 BAT-positive subjects were analyzed. Although the number of subjects in the study groups was imbalanced, the statistical power was 86.6%, which is sufficient for an explanatory study. Table 1 shows the subjects' body composition and blood metabolite data. The two groups did not differ significantly in age, body mass index, FFM, FM, or glucose, lipid and hormone levels. All subjects had a body mass index within the range of 19.1-24.6 kgm − 2 , and none of the subjects was obese. None of the subjects had abnormal blood glucose, cholesterol or triglyceride levels. In the 3 days before the whole-room calorimeter measurement, total EI (BAT-negative: 2354 ± 406 kcal d EE and substrate utilization Table 2 shows the 24-h EE and its components in the whole-room indirect calorimeter at room temperature (27°C). The mean SMR of all subjects was 1437 ± 107 (kcal/d), and SMR was strongly and positively correlated with individual FFM (r = 0.803, P o0.001). Mean DIT (%) of all subjects was 6.5 ± 3.3%, which was very close to the values measured by whole-room indirect calorimetry and calculated in other studies 27, 28 using the same method. TEE and energy balance did not differ significantly between groups. Similarly, there was no difference in the SMR, activity-induced thermogenesis, TEE/FFM ratio or physical activity levels. DIT for 15 h tended to be higher in the BAT-positive group (P = 0.06). DIT (%) was significantly higher in the BAT-positive group than in the BAT-negative group (P = 0.03; Figure 1 ). Figure 2a shows the change in EE/FFM accumulated over 30-min intervals. The ANOVA revealed that EE/FFM had a significant group × time interaction (P = 0.010) and time effect (P o 0.001), but no main effect (P = 0.339). The EE/FFM during 1100-1130 hours and 2200-2230 hours was greater in the BAT-positive group than in the BAT-negative group.
The 24-h RQ was significantly lower (P = 0.03) in the BAT-positive group than in the BAT-negative group ( Table 2) . The RQ adjusted for the covariates 24-h energy balance and FQ for the 3 days prior to the measurements, was significantly lower (P = 0.04) in the BAT-positive group (0.861 ± 0.027) than in the BAT-negative group (0.889 ± 0.024). When examined over 30-min intervals throughout the 24-h period, a significant main effect of the BAT condition was observed for RQ (P = 0.03), which was significantly decreased in the BAT-positive subjects compared Brown fat in DIT and fat oxidation M Hibi et al with BAT-negative subjects at 0030-0130 hours, 0530-0630 hours, 0900-1100 hours, 1300-1430 hours, 1600-1700 hours, 1830-2030 hours and 22:0-2400 hours (Figure 2b) . A significant effect of time was detected (P o 0.001), but the group × time interaction was not significant (P = 0.161).
We also analyzed the relationship between BAT activity and energy metabolism in all subjects. Correlation analysis conducted between energy metabolism and BAT activity (SUV max ) revealed a significant negative correlation between the 24-h RQ and SUV max (Figure 3) . No significant correlation was detected between DIT (%), TEE and SUV max (r = 0.34, P = 0.141, n = 21 and r = − 0.09, P = 0.678, n = 21, respectively). Table 3 shows the urinary norepinephrine, epinephrine and dopamine levels. Norepinephrine, epinephrine and dopamine excretion did not differ significantly between groups and there was no group × time interaction. Twenty-four hour urinary norepinephrine, epinephrine and dopamine levels did not differ significantly between groups.
Urinary catecholamines
DISCUSSION
In the present study, we evaluated the contribution of BAT to EE, particularly DIT and substrate utilization, in human daily life. Measurements of TEE, activity-induced thermogenesis, DIT, SMR and RQ were obtained in 21 healthy BAT-positive and BATnegative subjects using a whole-room indirect calorimeter. Our findings revealed that (1) BAT-positive subjects had a significantly higher DIT (%) compared with BAT-negative subjects; and (2) BATpositive subjects had a lower RQ compared with BAT-negative subjects. These findings indicate that metabolically active BAT contributes at least partially to DIT under thermoneutral conditions, and increases energy use from fatty acids. These results support the idea of BAT as a potential target for treating obesity and diabetes, even under free-living and thermoneutral conditions.
The present findings are the first to demonstrate a DIT increase of 56 kcal/d in BAT-positive subjects, and that DIT (%), expressed as DIT divided by total EI, differed significantly between BATpositive and BAT-negative subjects under thermoneutral conditions (9.7 and 6.5%, respectively). DIT is the EE necessary to digest, absorb, transfer and store food nutrients, and is generally determined by the food components and total EI. Despite many studies, the mechanism of the association of DIT with obesity and other diseases remain unknown. 29 Vosselman et al. 15 evaluated BAT activity after a high-carbohydrate meal using 18 FDG-PET/CT and DIT by indirect calorimetry. In young non-obese males, they observed that FDG uptake is higher after a high-fat meal compared to a fasting state, but did not observe a direct relationship between BAT activity and DIT. Few human studies have attempted to measure the contribution of BAT to DIT using whole-room indirect calorimetry and 18 F-FDG-PET/CT. 17, 18 Lee et al. 18 measured DIT following 4-weeks cold exposure, and found that BAT recruitment is accompanied by an increase in DIT.
Peterson et al. 17 demonstrated in nine healthy men that cold acclimation results in increased CIT, but not a higher DIT response to 150% overfeeding. These inconsistent results could be explained by methodologic differences and/or relatively small sample sizes. The study by Peterson et al. single-arm trial and did not directly measure BAT activity. The study by Lee et al. 18 reported high values of DIT in excess of 30%, which might include mixed values of DIT and CIT after four weeks of intervention. In the present study, the contribution of BAT to DIT was compared between BAT-positive and BATnegative individuals using whole-room indirect calorimetry. This is basically the same concept as the experiments comparing UCP1-deficient mice with normal mice with regard to the role of BAT in small animals. 30, 31 Our observations using this method in the present study indicate that active BAT contributes to postprandial thermogenesis, even under free-living and thermoneutral conditions, and suggest that BAT is a potential target for treating obesity.
Although EE/FFM changes over 24 h revealed no main effects between groups, the EE/FFM changes showed a significant BAT-time interaction, with a significant increase after breakfast and dinner (Figure 2a ). In addition, although not statistically significant, EE/FFM was higher overnight among BAT-positive subjects, especially just before rising. Lee et al. recently demonstrated that BAT exhibits a biorhythm in humans. 32 These findings together suggest that the EE/FFM differences between BAT-positive and BAT-negative subjects should be interpreted in light of a possible circadian rhythm. The accumulated EE data adjusted for individual FFM for 24 h was not different between groups. Moreover, BAT activity was not significantly correlated with DIT, suggesting that the contribution of BAT to TEE and daily energy balance is limited.
Studies in rodents indicate increased mitochondrial uncoupling in BAT after food intake 33 and increased oxygen consumption. 34 The phenomenon is controlled by the SNS, and the norepinephrine concentration is increased after eating meals. [35] [36] [37] Although we did not investigate the blood norepinephrine concentration after eating, there was no difference in the daily urinary norepinephrine excretion between the BAT-positive and BATnegative groups. These findings suggest that the SNS response to food intake was similar in the two groups. Therefore, the higher DIT in the BAT-positive group was more likely to be associated with BAT activity than with SNS activity. Our observations seem consistent with findings that people with higher BAT activity have higher CIT, but similar SNS responses, compared to those with lower BAT activities. 38, 39 Our study also revealed that the 24-h RQ was significantly lower in the BAT-positive group than in the BAT-negative group, suggesting that fat utilization was higher in BAT-positive subjects than in BAT-negative subjects. Moreover, the change in RQ was significantly different between BAT-negative and BATpositive subjects, with a significant decrease around meal times (Figure 2b ). After adjusting for the 24-h energy balance and FQ before the calorimetry measurement, the RQ was lower in BATpositive subjects, suggesting higher fat utilization in BAT. Pasanisi et al. reported that BAT activity was inversely correlated with RQ in seven constitutionally lean young women. 40 They suggested that their findings support the hypothesis that BAT has a protective role against fat mass accumulation, mostly because of the preferential use of lipids as a substrate in resting thermoneutral conditions. An experiment in mice revealed that BAT mainly utilizes fat as energy under sympathetic nerve stimulation. 41 Our findings indicate that in humans, too, individuals with higher BAT activity have higher fat utilization, even at room temperature. This is an important finding, and suggests functional activity of BAT in human adults under thermoneutral conditions. Furthermore, Zurlo et al. 42 reported that the 24-h RQ predicts subsequent changes in body weight based on findings of the 24-h RQ using a whole-room indirect calorimeter in non-diabetic Pima Indians. Eckel et al. 43 and Ellis et al. 44 reported similar results. These findings indicated that a higher RQ correlates with future weight gain. Pannacciulli et al. 45 also reported that a higher RQ and a high amount of CHO oxidation increase body weight over a subsequent 3-day ad libitum period through an increase in caloric intake. 45 This may partially explain the association between the presence/absence of BAT and the prevalence of obesity in middle-aged and older populations. 6, 7 In other words, individuals in whom fat is not utilized by BAT are more likely to gain weight and/or have impaired insulin sensitivity.
A limitation of this study is a potential residual confounding effect due to an interaction between BAT activity and health status in healthy Japanese male subjects. Although we attempted to account for these unknown confounding effects by adjusting for several metabolites, dietary record and physical activity, we found no correlations between these factors. In addition, the urinary ANOVA revealed no significant effect of time and group for epinephrine, norepinephrine and dopamine, and no significant effect of time × group interaction for epinephrine, norepinephrine and dopamine.
a Data are expressed as mean ± s.d.
Brown fat in DIT and fat oxidation M Hibi et al catecholamines as a measure of the SNS response to food intake may not be precise.
In conclusion, the findings of the present study, namely that DIT and fat utilization are higher in BAT-positive individuals, suggest a functional role of BAT in daily life, and may also explain how obesity progresses in BAT-negative individuals.
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